Semiconductor devices require conducting electrodes with disparate work functions for their operation. Of recent interest are fluidic processing approaches for large-area devices, which present unique challenges in the identification of materials having disparate work functions but similar melting temperatures. Such materials may be engineered by alloying with low-melting temperature metals. As a demonstration, the work function of tin and four binary tin alloys is measured by ultraviolet photoemission spectroscopy and Kelvin probe method. We demonstrate the control of metal work function by 600 meV through alloying while keeping the melting temperature within a 140°C range. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3089677͔
The variation in work function with alloy composition has important implications in microelectronics where the desire to precisely control device characteristics such as junction barrier height must be balanced by other concerns such as material stability and processability. Although the barrier height in metal-semiconductor contacts can be profoundly influenced by oxides, contamination, and surface states, the work function difference between two materials is often used as a first estimate of the electronic barrier height of two joined materials. 1 For this reason several binary alloy systems have been investigated for their applicability in areas such as field emitters, 2,3 organic light-emitting diode cathodes, 4 and metal gates for field-effect transistors. [5] [6] [7] [8] [9] [10] Furthermore, low-temperature processing of metallic electrodes is highly desired since it expands the range of materials that can be incorporated into devices, reduces diffusion and interaction between the metal and semiconductor, and significantly reduces the fabrication cost. Common low-melting temperature solders may be suitable alloys for these reasons and should be considered for metal-semiconductor contacts in any device fabricated with low-temperature, fluid, and high-throughput techniques such as thermal drawing of multimaterial device fibers, 11 as well as inkjet 12 and screen printing. 13 In this paper, the work function of low-melting temperature tin and four binary tin alloys is measured by two techniques in order to determine their potential utility as metal contacts to semiconductor devices Work function determination is known to depend greatly on both the technique used and surface preparation. [14] [15] [16] Using two different methods may reduce the uncertainty due to the different techniques as well as provide important insight into the suitability of the methods for accurate work function determination. Additionally, the fact that all alloys considered in this study contain tin provides a unique twist on typical alloy work function studies where a single binary system is surveyed. 3, 5, [8] [9] [10] These studies, with few exceptions, 17 find that the alloy work function is less than the composition weighted average of the constituent elements.
A broad survey over many different systems may give insight into when this trend does and does not hold true.
In addition to elemental tin, alloys studied in this work include Sn 91 Zn 9 29.3 Au 70.7 at. %, T m = 280°C͒, which is a mixture of two intermetallic phases. High purity alloys were obtained in bulk form from the Indium Corporation ͑Utica, NY͒ and fashioned into metal coupons before final mechanical polishing under inert atmosphere.
The work function was measured by the scanning Kelvin probe ͑SKP͒ technique and ultraviolet photoelectron spectroscopy ͑UPS͒. The surface composition was verified by x-ray photoelectron spectroscopy ͑XPS͒. SKP was performed with a KP Technology SKP5050 Scanning Kelvin Probe equipped with a 2-mm diameter polycrystalline gold-coated probe head ͑nominal work function taken to be 5.1 eV͒. 18 Scans were performed in inert ͑nitrogen͒ atmosphere to limit oxidation or gas adsorption that may cause changes in either the sample or probe head work function. The tip-to-sample spacing was held constant ͑within 1 m͒ both during each scan and between samples to minimize stray capacitance errors. 15 Approximately 400 measurements were made over a scanned area of between 6 and 13 mm in each dimension. Measurement uncertainty was taken to be the standard deviation in work function over the entire scanned area. UPS measurements were performed with an Omicron Multiprobe system. Samples were sputter cleaned with an in situ argon ion gun immediately prior to measurement. The photon source was a He I ͑21.2 eV͒ plasma. Samples were reverse biased to sharpen the onset of secondary electron emission as well as eliminate tertiary electrons from the spectrum. The UV spot size was approximately 1 cm 2 . Measurement uncertainty was taken to be the half width of the high kinetic energy Fermi edge cutoff ͑i.e., zero binding energy͒. The surface composition as a function of argon ion sputtering time was measured in a separate Kratos Axis Ultra XPS system. Alloy work functions measured by the two methods and the UPS-measured work functions of the pure constituent elements are summarized in Table I . The photoemission onset obtained by UPS is given in Fig. 1͑b͒ , and representative line scans of the SKP-measured work function can be seen in Fig. 2͑b͒ Errors may originate from the experimental procedure. The KP method is very precise but measures only the difference in work function between the sample and the tip. Thus unaccounted for deviations in the probe head work function would introduce a constant shift in the measured work function value. Although samples were kept under inert atmosphere during cleaning and the KP measurement, adsorption of even inert gases may cause shifts in the sample and probe work functions. Indeed, the work function of gold has been observed to shift up to 0.4 eV under different atmospheres. 20 Additionally, argon sputtering has also been shown to cause shifts in work function due to preferential sputtering, surface roughening, or both. 15, 19, 21, 22 Finally, although extreme care was taken to generate and maintain clean sample surfaces in both sets of experiments, the possibility of surface oxidation cannot be ruled out. XPS measurements do suggest that sputter-induced surface segregation or preferential sputtering is minimal for the alloys considered here.
A difference in the work function determined by these two methods is, in fact, expected. The work function of the different crystal facets is known to differ; the magnitude of which has been extensively studied. [23] [24] [25] This anisotropy is closely related to the packing density of the facet, with the closest-packed planes generally exhibiting larger work functions than lower-density planes. Because the surface of a polycrystalline material is a collection of randomly oriented crystallites, surface patches corresponding to different grains are expected to have different work functions. The addition of entirely separate crystalline phases, as is the case with eutectic alloys, introduces even more facets and work function patches on the sample surface. The work function anisotropy in crystal facets has been numerically predicted and experimentally observed to range from approximately 100-800 meV, depending on the element and crystal facet. 25, 26 In light of the samples' polycrystalline nature, the two techniques used in this study will report different work function values. The KP method essentially measures the capacitance per area. Thus the SKP-determined work function is an areaweighted average of all work function patches underneath the probe head ͓Fig. 2͑a͔͒. However, photoemission spectroscopy is most sensitive to the lowest work function patch, as the lowest kinetic energy electrons originate from this area ͓Fig. 1͑a͔͒.
14 Our results are consistent with the idea that UPS measurements should yield a lower work function than SKP, and this difference has been observed previously in other systems ͑for example, in indium tin oxide͒. 16 The magnitude of the difference between the lowest and average work function values is hard to predict for the systems presently considered because the magnitude of the anisotropy of the crystalline facets considered in this work is not known. However, a shift of a few hundred meV seems reasonable, considering that most metals exhibit anisotropy in this range.
In order to gain better insight into the work function trends, the work function of the component elements was measured with UPS. They were found to be 3.72, 4.14, 4.35, and 5.0 eV for zinc, tin, silver, and gold, respectively, consistent with the literature. 18, 27 Most alloys have a measured work function less than that of the weighted average of the two component elements, consistent with the general trend observed in other studies. 3, 5, [8] [9] [10] 28, 29 For example, the work function of zinc measured by UPS is 3.7 eV, and a simple mixing rule would predict the work function of Sn 91 Zn 9 to be 4.11 eV, nearly 150 meV higher than what was actually measured. A unique situation exists in the gold-tin alloy system. While the work function of the gold-rich alloy measured by UPS is indeed ϳ200 meV less than what the mixing rule would predict, the tin-rich alloy ͑a composite of pure tin and AuSn 4 ͒ work function of 4.58 eV is ϳ100 meV greater than the value predicted by the components' weighted average work function. The same conclusion is reached when taking the weighted average of the KP-derived gold and tin work functions ͑5.1 and 4.47 eV, respectively͒. We note that Li et al. 17 found several intermetallic compounds having work functions notably larger than their composition-weighted average.
In conclusion, the work function of tin and four tinbased eutectic alloys has been measured by two different methods. The results between the two methods agree, although there is a constant offset of about 0.3 eV, most likely due to the inherent differences in technique. Error may also be due to poor surface quality, e.g., incomplete or preferential ion sputtering, surface roughening, or gas adsorption. The work function of the four alloys were found to range from 3.92 to 4.59 eV and 4.18 to 4.84 eV as measured by UPS and SKP, respectively. Furthermore, with the exception of Sn 90 Au 10 , the alloy work functions are found to be less than the composition weighted average of constituent elements, an observation consistent with previous studies. Thus the work function of metal contacts in low-temperature or fluid-processed electronic devices may be tuned for a specific purpose, suggesting that important electronic properties such as the built-in voltage for diodes or threshold voltage for transistors, may be controlled by the proper selection of electrode material.
